Introduction
============

Cancer is one of the most significant diseases worldwide due to its incidence, prevalence, and mortality, and for the past few decades, considerable efforts have been devoted to understanding the origin of cancer, developing early detection methods to improve the survival rate of patients, and designing novel theragnostic devices. In particular, nanomedicines have been suggested as a feasible alternative to treat cancer. Nanomedicine comprises of approximately six research fields such as drug delivery, drug and therapies, active implants, in vitro diagnostics, in vivo imaging, and biomaterials.[@b1-ijn-11-337] However, the drug delivery is thought to be most intensively studied out of the six fields in terms of the total number of papers and patents published.[@b2-ijn-11-337] To develop new nanoscale drug delivery system (DDS), nanosized drug delivery vehicles are required to have necessary and sufficient properties such as low toxicity, high-drug loading concentration, and excellent targeting function. Several DDS therapeutics based on nanomaterials such as liposomes, nanoparticles, and polymers have already been approved for clinical use in humans. However, there are still limitations in developing novel and efficient nanovehicles for chemotherapy applications.[@b3-ijn-11-337],[@b4-ijn-11-337] In our previous studies, two-dimensional minerals, such as anionic clay (hydrotalcite), could have much competitiveness as drug delivery carriers over various organic and inorganic nanoparticles such as micelles, liposomes, polymersomes, dendrimers, polyphosphazenes, iron oxide, and porous silica including graphene oxides and carbon nanotubes, etc.[@b3-ijn-11-337]--[@b5-ijn-11-337]

In recent years, layered double hydroxide (LDH), which is nothing different from anionic clay with a hydrotalcite structure, has attracted an increasing amount of interest as a delivery nanovehicle owing to its high biocompatibility, controllable drug content, enhanced cellular permeation property, and ability to overcome drug resistance.[@b6-ijn-11-337]--[@b12-ijn-11-337] LDH has the chemical formula \[M(II)~1−x~M(III)~x~(OH)~2~\]^x+^(A^n−^)~x/n~·mH~2~O (where M(II): divalent metal cations, M(III): trivalent metal cations, A^n−^: anionic molecules, 0\<x\<1) and consists of positively charged layers and interlayer anions that are alternately stacked with each other along the crystallographic *c*-axis to form a 1:1 type heterostructure.[@b13-ijn-11-337] The positive layer charge in LDH can be easily controlled by replacing the divalent cation, M(II), in the lattice partially with the trivalent one, M(III), in a way in which the negatively charged drug or biomolecules can be stabilized in the interlayer space of LDH to compensate for the positive layer charge. One thing to emphasize here is that the interlayer anion is exchangeable for LDH to intercalate various biologically active molecules, such as nucleotides,[@b6-ijn-11-337]--[@b8-ijn-11-337] anticancer drugs,[@b14-ijn-11-337],[@b15-ijn-11-337] anti-inflammatory drugs,[@b16-ijn-11-337],[@b17-ijn-11-337] biopolymers,[@b18-ijn-11-337],[@b19-ijn-11-337] vitamins,[@b20-ijn-11-337],[@b21-ijn-11-337] and antibiotics[@b22-ijn-11-337] into its two-dimensional lattice. Moreover, the anion content in LDH can be controlled because it depends directly on the magnitude of the anion exchange capacity, namely, that of the layer charge density. In recent years, nanosized LDHs with \~100 nm were found to be biocompatible and could deliver drugs or gene molecules selectively to the tumor tissues and cells, owing to their intrinsic targeting function thanks to the enhanced permeability and retention effect and the clathrin-mediated endocytosis mechanism of LDHs.[@b23-ijn-11-337]--[@b25-ijn-11-337] More recently, we successfully prepared the nanohybrid DDS, LDH-MTX, as a potential chemotherapeutic drug, where MTX stands for an anticancer drug, methotrexate (MTX; (2S)-2-\[(4-{\[(2,4-diamino-7,8-dihydropteridin-6-yl)methyl\](methyl) amino}phenyl)formamido\]pentanedioic acid) ([Figure S1](#SD1-ijn-11-337){ref-type="supplementary-material"}), which has been prescribed for certain human cancers, including osteosarcoma, leukemia, and breast cancer and even for arthritis. Moreover, we found that the LDH-MTX nanohybrid could target tumor not only in vitro but also in vivo, as well demonstrated with an orthotopic breast cancer model.[@b14-ijn-11-337]

In this study, we attempted to apply the same strategy to the orthotopic model, which is considered to be clinically more relevant and consequently better predictive to infer drug efficacy and/or toxicity than the standard subcutaneous models. Because the tumor cells are implanted directly into the very organ, this model reflects the real-life situation (such as microenvironment) of cancer patient much better than the conventional xenograft tumor model.[@b26-ijn-11-337] Among various female cancer models, such as ovarian-, breast-, and cervical cancers,[@b27-ijn-11-337] we decided to prepare the orthotopic cervical cancer to finalize the nanohybrid DDS study based on the orthotopic breast cancer model. To the best of our knowledge, this is the first orthotopic cervical cancer model study to prove the drug delivery behavior of anionic clay after the injection.

The coprecipitation method and subsequent hydrothermal route were used to prepare the chemically, structurally, and morphologically well-defined nanohybrid drug LDH-MTX. The resulting LDH-MTX nanoparticles with colloidal property were characterized by powder X-ray diffraction (PXRD), dynamic light scattering, field emission scanning electron microscopy, and high-resolution transmission electron microscopy (HR-TEM) studies. The TEM and particle size distribution studies indicate that the colloidal LDH-MTX particles were homogeneously distributed with an average particle size of \~100 nm. According to our previous study, LDH nanoparticles in the size range of 100--200 nm could accumulate more in tumor tissues than in normal tissues, eventually resulting in effective tumor targeting surely owing to the enhanced permeability and retention effect.[@b28-ijn-11-337]--[@b30-ijn-11-337] Moreover, the therapeutic efficacy of the present colloidal LDH-MTX nanohybrid in the orthotopic cervical cancer model was investigated and compared to that of free MTX. To confirm the targeting function of the nanohybrid drug, the tumor-to-blood and tumor-to-liver ratios of MTX with LDH carrier were evaluated and compared to those of free MTX in the present orthotopic model.

Materials and methods
=====================

Materials
---------

MTX (C~20~H~22~N~8~O~5~, purity \>98.0%), magnesium chloride hexahydrate (MgCl~2~·6H~2~O, purity \>98.0%, pharmacopeia grade), and aluminum chloride hexahydrate (AlCl~3~·6H~2~O, purity \>99.0%, pharmacopeia grade) were purchased from Sigma-Aldrich Co. Ltd. (Korea). Decarbonated water was used for the entire synthesis procedure, and all reagents were used without further purification.

Animals
-------

All the mice were kept in a laminar air flow cabinet under specific pathogen free conditions in Yonsei University. The animal facilities were permitted from an Association for Assessment and Accreditation of Laboratory Animal Care. All the animal experiments were conducted under the institutional guidelines established by the Animal Research Committee. The animal related protocols were approved by the Committee on the Ethics of Animal Experiments of Yonsei University.

Preparation of the LDH-MTX nanohybrid
-------------------------------------

A colloidal LDH with the formula Mg0.667Al0.333(OH)~2~ Cl0.333·0.5H~2~O was prepared by the direct coprecipitation and subsequent hydrothermal treatment. An aqueous solution of MgCl~2~·6H~2~O (0.066 M) and AlCl~3~·6H~2~O (0.033 M) was titrated dropwise with 0.5 M NaOH solution under a nitrogen atmosphere, and the final solution pH was adjusted to be 9.5±0.2. The resulting white precipitate was aged for 3 hours, collected by centrifugation, washed with deionized water, and then further treated under hydrothermal condition at 100°C for 6 hours to prepare colloidal LDH nanoparticles.

To prepare the LDH-MTX nanohybrid, MTX was first dispersed in deionized water and titrated with a 0.5 M NaOH solution to afford a 0.033 M solution of MTX at pH 7.0±0.2 to form a γ-carboxylate ([Figure S1](#SD1-ijn-11-337){ref-type="supplementary-material"}).[@b31-ijn-11-337] To that solution, a mixed solution of MgCl~2~·6H~2~O (0.066 M) and AlCl~3~·6H~2~O (0.033 M) was added dropwise, a 0.5 M NaOH solution was also added to maintain the pH at 9.5±0.2, and the resulting slurry was further aged for 18 hours. The entire process was performed under a nitrogen atmosphere at room temperature. Finally, the resulting yellow precipitate was collected via centrifugation, washed with decarbonated water, dispersed in decarbonated water, and further hydrothermally treated at 100°C for 18 hours to prepare the desired colloidal LDH-MTX nanohybrid.

Characterization of the LDH-MTX nanohybrid
------------------------------------------

For structural analysis, PXRD analyses were performed using a diffractometer (Rigaku D/MAX RINT 2200-Ultima+, Rigaku Corporation, Tokyo, Japan) with monochromatized and Ni-filtered Cu *K*~α~ radiation (*λ*=1.5418 Å), operating at 40 kV and 30 mA. The chemical compositions of the hybrids were determined by elemental (CHNS) analysis (EA1112, CE Instrument, Milan, Italy) and inductively coupled plasma-atomic emission spectrometry (Optima-4300 DV, PerkinElmer, Waltham, MA, USA). HR-TEM study was carried out using a JEOL JEM-2100F microscope (JEOL, Tokyo, Japan) operated at an accelerating voltage of 200 kV. The particle size distributions of LDH and LDH-MTX were measured using a zeta sizer (Nano ZS, Malvern, UK). The instrument parameters that were used to take measurements in the cell culture media are as follows: the refractive indices of the particles (2.09) and Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS) were 2.09 and 1.337, respectively, and the temperature was 37°C, and the dynamic viscosity of DMEM with 10% FBS was 0.738×10^−3^ Pa·s.[@b32-ijn-11-337] The morphologies for LDH and LDH-MTX were studied by field emission scanning electron microscopy (JEOL JSM-6700F). The MTX content of the LDH-MTX nanohybrid was measured by high-performance liquid chromatography (HPLC) using an Agilent 1100 series HPLC system using a C18 column (Nucleosil, 250 mm ×4.6 mm, Alltech, Nicholasville, KY, USA) under the following condition: the mobile phase was 0.05 M KH~2~PO~4~ in 10% acetonitrile with the pH of 6.6 and the flow rate of 1 mL/min and the column temperature of 40°C. The MTX was detected by the UV absorption band at 304 nm.

Cell line and C33A orthotopic model
-----------------------------------

Human cervical cancer cell (C33A) was obtained from Yonsei University Cancer Center, which was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The protocols for the cell line and C33A orthotopic model were approved by the Committee on the Ethics of Animal Experiments of Yonsei University. The cells were grown in DMEM medium (Welgene Ltd, Daegu, Korea) supplemented with 10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO~2~. For the implantation of C33A cells, 7-week-old female athymic Balb/c nude mice (Orient Bio Inc., Gyeonggi-Do, Korea) were housed under controlled temperature, light, and humidity condition for 2 weeks before use. When the mice weighed in the range 20--22 g, \~2×10^6^ C33A cells in 30 μL of phosphate-buffered saline (PBS) were inoculated in the mice uterus. Three weeks later, a laparotomy was performed to confirm that an orthotopic tumor had developed into a volume of 100--200 mm^3^.

Antitumor activity in the orthotopic cervical cancer model
----------------------------------------------------------

The antitumor efficacy of LDH-MTX in mice with orthotopic C33A tumors was measured and compared to that of MTX only. When the tumor volume reached \~100--200 mm^3^, the mice were randomly assigned into four groups (n=3 per group) and injected intraperitoneally (ip) with PBS, LDH, MTX (50 mg/kg), or LDH-MTX (120 mg/kg, corresponding to 50 mg/kg MTX) once a week for 5 weeks, and their body weights were evaluated every 2--3 days to evaluate the in vivo toxicity. Finally, the mice were sacrificed on the 4th day after the final treatment, and the tumor tissues were collected. Tumor size was measured using calipers, and the tumor volume was calculated based on the equation of volume = length × width[@b2-ijn-11-337] ×0.523, where the constant 0.523 corresponds to the prolate ellipsoid formula.[@b33-ijn-11-337],[@b34-ijn-11-337]

Biodistribution studies
-----------------------

The biodistribution of free MTX and LDH-MTX in the orthotopic cervical cancer model was compared by administering an ip injection of each drug PBS, MTX (60 mg/kg), or LDH-MTX (143 mg/kg, corresponding to 60 mg/kg MTX; n=3 per group), and the mice were sacrificed at precisely 30 and 60 minutes after the ip injection. The samples were prepared for the biodistribution study by harvesting the organs and tumor tissues, homogenizing with four times the volume of 1 M NaOH solution, and centrifugation at 3,000 rpm for 10 minutes. Two volumes of acetonitrile were added to the ground samples and were vigorously mixed to obtain the protein precipitates. After centrifugation at 10,000 rpm for 3 minutes, four volumes of chloroform were added to the supernatant in order to remove the lipids. Finally, the supernatants were collected via centrifugation at 2,000 rpm for 10 minutes and were analyzed via HPLC (Agilent 1100 series Instrument, Agilent Technologies, Santa Clara, CA, USA). The MTX content in the cells was also quantified via HPLC.

Inflammatory response test in mice
----------------------------------

To detect proinflammatory cytokine, tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), 5-week-old male Balb/c mice (18--20 g, Orient Bio Inc.) were grown under controlled temperature, humidity, and light condition for 1 week before use. In the case of free MTX, the dosage of 60 mg/kg was dissolved in PBS, but for LDH-MTX, 143 mg/kg dosage corresponding to the MTX dosage of 60 mg/kg was homogeneously dispersed in PBS. The mice (nine heads/group) were administered with an ip injection of each drug, and the corresponding plasmas were collected with respect to the given response time of 3, 6, and 12 hours to analyze TNF-α and IL-6 levels by the enzyme-linked immune sorbent assay analysis. Enzyme-linked immunosorbent assays were conducted based on the manufacturer's instructions.

Results and discussion
======================

Characterization of the LDH-MTX nanohybrid
------------------------------------------

The chemical compositions of pristine LDH and LDH-MTX determined by inductively coupled plasma were Mg~0.667~Al~0.333~(OH)~2~Cl~0.333~·0.5H~2~O and Mg~0.655~Al~0.344~(OH)~2~\[(MTX)~0.107~Cl~0.128~\]·0.1H~2~O, respectively ([Table 1](#t1-ijn-11-337){ref-type="table"}), where the MTX composition of 0.107 was derived from the content of MTX (42.00%±0.25%) in LDH-MTX as quantitatively measured by HPLC. This result is in excellent agreement with that measured by the CHNS analysis. [Figure 1](#f1-ijn-11-337){ref-type="fig"} shows the PXRD patterns of MTX, LDH, and LDH-MTX. The pristine LDH exhibited a series of well-developed (00l) reflections with a basal spacing of 7.69 Å. For LDH-MTX, the basal spacing was clearly increased to 21.0 Å after the intercalation of MTX into the LDH lattice. Given 4.8 Å as the single layer thickness, the gallery height of LDH-MTX became 16.2 Å (21.0--4.8 Å). The longitudinal and lateral molecular dimensions of MTX are 21.2 and 6.5 Å, respectively, so the MTX molecules in the interlayer of LDH are thought to be monolayer oriented with a tilted angle of 43° relative to the basal plane.[@b14-ijn-11-337],[@b35-ijn-11-337]

The cross-sectional HR-TEM images of the LDH-MTX nanohybrid clearly show a well-ordered layered structure ([Figure 2](#f2-ijn-11-337){ref-type="fig"}). The interlayer distance, which corresponds to the periodic lattice fringe, was again confirmed to be 7.6 and 21.0 Å for pristine LDH and LDH-MTX, respectively, and these values are in good agreement with the *d*~00l~ values of 7.69 and 21.0 Å for the former and the latter, respectively. As shown in [Figure 2A and C](#f2-ijn-11-337){ref-type="fig"}, the particle thickness for pristine LDH and LDH-MTX were \~10 and 20 nm, respectively, those which are also well consistent with the calculated particle thicknesses of 13.3 and 19.4 nm derived from the (00l) X-ray diffraction peaks by using Scherrer's formula, *t*=0.9 *λ*/*B* cosθ, where *λ* is 1.5418 Å (Cu K~α~) and *B* is full width at half maximum at the diffraction angle of θ ([Table 1](#t1-ijn-11-337){ref-type="table"}).[@b36-ijn-11-337]

Evaluation of colloidal property for LDH-MTX
--------------------------------------------

For in vitro and in vivo studies with LDH-MTX, preparing its colloidal suspension in buffer or cell culture media is required. In our previous studies, we reported on a colloid hybrid drug, "drug-ceramic 2-D nanoassemblies for DDS under physiological condition".[@b37-ijn-11-337] However, the polydispersity index (PDI) value of LDH-MTX was still \>0.45, where the PDI reflects the homogeneity of the colloid dispersion. The PDI values range from 0.0 for an entire homogeneous dispersion to 1.0 for a completely inhomogeneous one.[@b38-ijn-11-337]--[@b40-ijn-11-337] Therefore, an investigation of the PDI for the colloidal stability of the LDH-MTX in serum was strongly required. In this study, different from the previous studies, we developed an ingenious way of preparing colloidal LDH nanoparticles; first, LDH precipitate was prepared by the coprecipitation, then completely washed with decarbonated water, and finally hydrothermally treated at 100°C. The initial precipitate was not colloidal when dispersed in an aqueous solution due to the formation of aggregates. However, the particles then became colloidal when they were completely washed with decarbonated water to remove excess salts remaining in the solution and subsequently hydrothermally treated at 100°C. In the case of anisotropic particles such as nanoclay, a lot of crystal edge sites are coordinatively unsaturated, and eventually reactive, resulting in the formation of aggregates. However, under a high-temperature and high-pressure condition such as hydrothermal one, the edge sites could be coordinatively saturated and as a consequence deactivated, resulting in a stable colloid. As shown in [Figures S2](#SD2-ijn-11-337){ref-type="supplementary-material"} and [S3](#SD3-ijn-11-337){ref-type="supplementary-material"}, the pristine LDH and LDH-MTX nanoparticles were fairly well dispersed in deionized water with an average particle size of 71 and 95 nm, respectively, and their PDI values were determined to be 0.107 and 0.110, respectively ([Table 2](#t2-ijn-11-337){ref-type="table"}). When each of LDH and LDH-MTX was added to an electrolyte solution of DMEM with 10% FBS, a homogeneous dispersion was obtained with an average particle size of 86 and 104 nm with the PDI values of 0.254 and 0.250, respectively ([Table 2](#t2-ijn-11-337){ref-type="table"}, [Figure 3](#f3-ijn-11-337){ref-type="fig"}).

In vivo antitumor activity and body weight changes in the orthotopic cervical cancer model
------------------------------------------------------------------------------------------

To understand the therapeutic efficacy of LDH-MTX, a tumor growth inhibition test was performed in the C33A orthotopic model and compared to that of MTX, PBS, and LDH, as shown in [Figure 4](#f4-ijn-11-337){ref-type="fig"}. In the case of MTX only, the tumor volume was suppressed to 2,940.0 mm^3^ from 5,350.3 mm^3^, representing a reduction of \~45.0% compared to the PBS-treated group. However, the antitumor effect of LDH-MTX was determined to be much more significant than that of MTX only, with a mean tumor volume of 988.1 mm^3^ that represented a reduction of 81.5% and 66.4% in tumor volume relative to the PBS and MTX groups, respectively. Such a remarkable suppression of tumor growth for the LDH-MTX-treated group was also demonstrated by the digital image of the tumor tissues in mice and compared to the PBS-, LDH-, and MTX-treated mice ([Figure S4](#SD4-ijn-11-337){ref-type="supplementary-material"}). To understand the in vivo toxicity, the body weight of the mice was regularly monitored after the injection of free MTX, LDH-MTX, and LDH nanoparticles, with that of the PBS-treated mice as the negative control. As shown in [Figure 5](#f5-ijn-11-337){ref-type="fig"}, no significant difference was observed among the groups.

Tumor-to-liver ratio and tumor-to-blood ratio of LDH-MTX
--------------------------------------------------------

To evaluate the efficacy of MTX in the LDH-MTX nanohybrid system, the accumulation degree of MTX in various organs after 30 and 60 minutes of administration was quantified. As shown in [Figure 6](#f6-ijn-11-337){ref-type="fig"}, the MTX concentration in the tumor for the LDH-MTX-treated (30 minutes: 110.0±27.5 μg/g; 60 minutes: 89.0±11.0 μg/g) mice was considerably higher than that for free MTX (30 minutes: 30.0±3.0 μg/g; 60 minutes: 18.5±1.7 μg/g), surely because of the fact that LDH-MTX nanoparticles were more effectively targeted to the tumor tissues than the intact MTX. This observation indicates that LDH has played an efficient role as a drug delivery carrier. As shown in [Figure 6](#f6-ijn-11-337){ref-type="fig"} and [Table S1](#SD6-ijn-11-337){ref-type="supplementary-material"}, the tumor-to-blood ratio of LDH-MTX at 30 minutes was surprisingly reached to 4.89, which was approximately five times higher than that of free MTX (1.00), indicating the targeting function of LDH. One thing to note here is that no significant difference of MTX concentration in the brain, heart, lung, spleen, or muscle was observed between MTX-treated group and LDH-MTX-treated one. In other words, the therapeutic efficacy could be maximized without inadvertent side effects, including toxicity to other organs. Although the MTX concentration in the liver tissue of LDH-MTX-treated group was higher than that of the MTX-treated one at 60 minutes after administration, the tumor-to-liver ratios of the LDH-MTX-treated (30 minutes: 1.52; 60 minutes: 0.89) were also determined to be higher than those of the MTX only treated mice (30 minutes: 0.43; 60 minutes: 0.44), corresponding to the 3.5-fold and twofold increase, respectively. Because the tumor-to-liver ratio is an initial parameter to check therapeutic properties and safety, an enhancement of this ratio for the LDH-MTX-treated mice indicates that the present DDS strategy can be considered as a potential systematic chemotherapy, especially for cervical cancer. As previously confirmed, both LDH nanovehicle and LDH-MTX nanohybrid did not induce any liver toxicity, in terms of alanine aminotransferase and aspartate aminotransferase levels and hematoxylin and eosin staining of liver tissues as well.[@b14-ijn-11-337]

Inflammatory response of MTX and LDH-MTX nanohybrid
---------------------------------------------------

Inflammation is the first response of the immune system, and inflammatory mediators, such as TNF-α and IL-6 are secreted, when exposed to foreign substances, to enhance an immune response. Therefore, the effect of MTX and LDH-MTX hybrid on TNF-α and IL-6 release in mice was evaluated. TNF-α and IL-6 were detected after 3 hours in mice that had been administered MTX and LDH-MTX, but the amount was negligible within the range of error ([Figure S5](#SD5-ijn-11-337){ref-type="supplementary-material"}). Furthermore, no significant immune response was observed even after 6 and 12 hours of response time in the mice administered MTX and LDH-MTX, indicating nontoxicity.

Conclusion
==========

We have successfully developed colloidal LDH-MTX hybrid nanoparticles with an average particle size of 100 nm as an efficient DDS for chemotherapy. The biodistribution studies indicated that the LDH drug delivery vehicle exhibited a targeting effect that was quite evident because mice treated with LDH-MTX showed 3.5-fold higher tumor-to-liver ratio and fivefold higher tumor-to-blood ratio of MTX than those treated with free MTX at 30 minutes postinjection. The in vivo inflammatory response and body weight change profiles reveal that the incorporation of MTX into a nontoxic clay carrier (LDH) provides a novel nanohybrid DDS. Therefore, the present nanohybrid colloid with an average particle size of 100 nm can be proposed as a promising injectable chemotherapy due to its low in vitro and in vivo toxicities and high targeting effect giving rise to an enhanced therapeutic efficacy.

Supplementary materials
=======================

###### 

(**A**) Molecular structure of methotrexate (MTX; (2S)-2-\[(4-{\[(2,4-diamino-7,8-dihydropteridin-6-yl)methyl\](methyl)amino}phenyl)formamido\]pentanedioic acid), and (**B**) plots of MTX molar fractions vs pH (pK~a1~ =3.8, pK~a2~=4.8).[@b41-ijn-11-337]

###### 

Scanning electron microscopic images of (**A**) pristine LDH, and (**B**) LDH-MTX nanohybrid in distilled water, respectively. The inset images (**A** and **B**) correspond to the enlarged images for pristine LDH and LDH-MTX, respectively.

**Abbreviations:** LDH, layered double hydroxide; LDH-MTX, layered double hydroxide-methotrexate.

###### 

The particle size distribution and the high-resolution transmission electron microscopy images of (**A** and **B**) pristine LDH, and (**C** and **D**) LDH-MTX in distilled water, respectively. The inset images (**B** and **D**) correspond to the enlarged images for pristine LDH and LDH-MTX, respectively.

**Abbreviations:** LDH, layered double hydroxide; LDH-MTX, layered double hydroxide-methotrexate.

###### 

Digital images of tumor tissue in mice treated with PBS, LDH, MTX, and LDH-MTX. PBS, LDH, MTX, and LDH-MTX were administered via intraperitoneal injection on days 0, 7, 14, 21, and 28, and tumor tissues were collected on 32 days.

**Abbreviations:** LDH, layered double hydroxide; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate; PBS, phosphate-buffered saline.

###### 

Immune response of MTX and LDH-MTX nanohybrids on the production of proinflammatory cytokine, (**A**) TNF-α and (**B**) IL-6.

**Abbreviations:** h, hours; IL-6, interleukin-6; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate; PBS, phosphate-buffered saline; TNF-α, tumor necrosis factor-α.

###### 

Tumor-to-liver and tumor-to-blood ratio of MTX in MTX-treated group and LDH-MTX-treated one

  Group     Tumor-to-liver   Tumor-to-blood          
  --------- ---------------- ---------------- ------ ------
  MTX       0.43             0.44             1.00   3.08
  LDH-MTX   1.52             0.89             4.89   1.70

**Abbreviations:** MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate.
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![Powder X-ray diffraction (PXRD) patterns for (**A**) pure MTX, (**B**) pristine LDH, and (**C**) LDH-MTX nanohybrid.\
**Abbreviations:** au, arbitrary unit; LDH, layered double hydroxide; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate.](ijn-11-337Fig1){#f1-ijn-11-337}

![Cross-sectional high-resolution transmission electron microscopy images and intensity histogram of (**A** and **B**) pristine LDH and (**C** and **D**) LDH-MTX nanohybrid.\
**Abbreviations:** au, arbitrary unit; LDH, layered double hydroxide; LDH-MTX, layered double hydroxide-methotrexate.](ijn-11-337Fig2){#f2-ijn-11-337}

![The particle size distribution and the high-resolution transmission electron microscopy images of (**A** and **B**) pristine LDH and (**C** and **D**) LDH-MTX in DMEM with 10% FBS, respectively. The inset images (**B** and **D**) correspond to the enlarged images for pristine LDH and LDH-MTX, respectively.\
**Abbreviations:** DMEM, Dulbecco's Modified Eagle's Medium; FBS, fetal bovine serum; LDH, layered double hydroxide; LDH-MTX, layered double hydroxide-methotrexate.](ijn-11-337Fig3){#f3-ijn-11-337}

![Antitumor activity of MTX and LDH-MTX in the C33A orthotopic cervical cancer model. PBS, LDH, MTX, and LDH-MTX were administered via intraperitoneal injection on days 0, 7, 14, 21, and 28, and tumor volume was measured using calipers after 32 days.\
**Abbreviations:** LDH, layered double hydroxide; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate; PBS, phosphate-buffered saline.](ijn-11-337Fig4){#f4-ijn-11-337}

![Body weight changes observed in the mice treated with PBS, LDH, MTX, and LDH-MTX.\
**Note:** The arrows indicate the injection points.\
**Abbreviations:** LDH, layered double hydroxide; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate; PBS, phosphate-buffered saline.](ijn-11-337Fig5){#f5-ijn-11-337}

![Biodistribution studies of MTX in each tissue of C33A orthotopic tumor-bearing mice treated with MTX (dark gray) and LDH-MTX (gray) for (**A**) 30 minutes and (**B**) 60 minutes after administration.\
**Abbreviations:** MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate.](ijn-11-337Fig6){#f6-ijn-11-337}

###### 

Physico-chemical properties of pristine LDH and LDH-MTX nanohybrid

                 Chemical formula                                              MTX contents (%)[a](#tfn1-ijn-11-337){ref-type="table-fn"}   Particle thickness (nm)[b](#tfn2-ijn-11-337){ref-type="table-fn"}
  -------------- ------------------------------------------------------------- ------------------------------------------------------------ -------------------------------------------------------------------
  Pristine LDH   Mg~0.667~Al~0.333~(OH)~2~Cl~0.333~·0.5H~2~O                   --                                                           13.3
  LDH-MTX        Mg~0.655~Al~0.344~(OH)~2~\[(MTX)~0.107~Cl~0.128~\]·0.1H~2~O   42.00±0.25                                                   19.4

**Notes:**

MTX contents measured by HPLC.

The particle thickness of the pristine LDH and LDH-MTX nanohybrid samples was calculated from (00l) X-ray diffraction peaks by using Scherrer's formula, described by *t*=0.9 *λ*/*B* cosθ, where, *λ* is 1.5418 Å (Cu K~α~) and *B* is FWHM at the diffraction angle of θ. -- represents 'zero' since the pristine LDH does not contain any MTX molecules.

**Abbreviations:** FWHM, full width at half maximum; LDH, layered double hydroxide; MTX, methotrexate; LDH-MTX, layered double hydroxide-methotrexate; HPLC, high-performance liquid chromatography.

###### 

Average particle size and PDI of pristine LDH and LDH-MTX nanohybrid

                 Disperse media      Particle size (nm)[a](#tfn4-ijn-11-337){ref-type="table-fn"}   PDI
  -------------- ------------------- -------------------------------------------------------------- -------
  Pristine LDH   Distilled water     71                                                             0.107
                 DMEM with 10% FBS   86                                                             0.254
  LDH-MTX        Distilled water     95                                                             0.110
                 DMEM with 10% FBS   104                                                            0.250

**Note:**

Particle size measured by the DLS method in suspension.

**Abbreviations:** DLS, dynamic light scattering; DMEM, Dulbecco's Modified Eagle's Medium; FBS, fetal bovine serum; LDH, layered double hydroxide; LDH-MTX, layered double hydroxide-methotrexate; PDI, polydispersity index.
